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ABSTRACT
The spontaneous formation of stable, structurally well-defined aggregates from single molecules has
become a new strategy in chemical synthesis. The key to controlled aggregation lies in manipulating the type
and orientation of noncovalent intermolecular interactions so as to overcome the intrinsically unfavorable entropy
involved in bringing many subunits together. Among the interactions governing association, hydrogen bonding is
of paramount importance. An investigation of the solid-state characteristics of hydrogen bond-mediated three-
dimensional aggregates is a logical prelude to solution studies of the assembly process. Cis-1,2,3-
cyclopropanetricarboxamide was synthesized for initial solid-state study. Molecular concavity, contingent on
intramolecular hydrogen bonding, was essential for closed-shell assembly. Crystallographic analysis showed the
presence of only one intramolecular bond, precluding the assembly of a predicted tetrahedral tetramer: rather.
assembly of an infinite cvclohexvl chair network was observed. Efforts were then focused on self-assembling
building blocks whose structural rigidity was imparted through covalent bonds. An ideal candidate, the bridged
cyclic triglycine or "trilactam", was designed. Progress towards its synthesis is outlined.
Thesis Supervisor: Dr. Julius Rebek, Jr.
Title: Camille Drevfus Professor of Chemistry
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A SELF-ASSEMBLY THROUGHNONCOVALENTINTERACTIONS
1. INTRODUCTION
1.1 Historical Background
Molecular self-assembly is the natural association of molecules under equilibrium conditions into
stable, structurally well-defined aggregates.1 2 Such aggregates are pervasive in biological systems,
providing the foundations for various complex biological structures. Many components of biological
systems contain the information for their own self-assembly. This information is expressed through the
composition of complementary sites in the correct relative orientation for highly selective binding.
Understanding self-assembly and the associated weak intermolecular forces (hydrogen bonds, van der
Waals interactions, or other noncovalent links) that unite reciprocal molecular surfaces in biological
aggregates is of paramount interest in structural biochemistry.
Spontaneous formation of higher-ordered structures is aesthetically attractive in its own right,
but the appeal of self-assembly is intensified by its potential to yield discrete molecular nanoscale devices.
It is therefore emerging as a new strategy in chemical synthesis. The key to this type of synthesis is to
understand and control the noncovalent connections between molecules and to overcome the
intrinsically unfavorable entropy involved in bringing many molecules together in a single aggregate.1 This
offers the capability of generating nonbiological structures of nanoscale dimensions, which is a formidable
task to synthetic chemists. Although scientists are far from duplicating nature's more elegant self-
assemblies, they are already beginning to register their own successes in supramolecular 3 synthesis.
Moreover, by incorporating specific properties (optical, electrical, magnetic, binding, etc.) into their
molecular components, they may induce a range of novel features in their suprastructures.4 A number of
possible uses for these structures can be imagined: as electronic components; as novel drug-delivery
vehicles; as catalysts or recognition elements (analogous to enzymes and receptors); as functional
components in polymers. 1 New strategies for assembling such structures should lead to new ideas for
their uses.
1 Whitesides, G.M.; Mathias, J.P.; Seto, C.T. Science 1991.254. 1312-1319.
2 For reviews of self-assembly, see: Lindsey, J.S. NewJ. Chem. 1991.15, 153-180. Lehn, J.-M. Angew. Chem. Int. Ed. Engl. 1990,
~9, 1304-1319. Kushner, D.J. Bacteriological Rev. 1969.33, 302-345. Bonar-Law, R.P.; Sanders, J.K.M. Tetrahedron Lett. 1993.
34, 1677-1680. Menger, F.M. Angew. Chem. Int. Ed. Engl. 1991.30. 1086-1099.
3 Lehn, J.-M. Angew. Chem. Int. Ed. Engl. 1988.27, 89-112.
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1.2 Biological Self-Assembly
In nature, self-assembly is an inherent tendency. Organisms have perfected the art of integrating
many weak interactions between individual chemical entities to create large ones. 5 This art is practiced at
the angstrom, micron, and centimeter level: Amino acid subunits fold spontaneously into enzyme active
sites. The subunits alone are incapable of substrate recognition; collectively, they can catalyze
transformations of enormous complexity. 6 Linear protein aggregates produce various rod-shaped
subcellular structures such as cilia, flagella, and muscle filaments.7 Two complementary chains of nucleic
acid associate to form double-stranded DNA;8 and RNA chains fold into functioning tRNA molecules.9
Symmetrically disposed protein subunits mobilize to create the protein shells, or capsids, of simple
spherical animal and plant viruses. 10 On a much larger scale, mollusks engineer a shiny, tough mother-of-
pearl shell by using a series of proteins that assemble themselves into a scaffolding. This scaffolding guides
tiny ceramic plates, created by the mollusk, into precise shell layers.l1
Perhaps the best understood example of the viral assembly process is provided by the tobacco
mosaic virus (TMV). 12 In fact, many of the concepts of biological self-assembly are derived from studies of
this helical viral particle. TMV is composed of a single strand of RNA encased in a protein sheath formed
from 2130 identical protein monomers (Figure A. 1). A reconstitution experiment performed by Fraenkel-
Conrat and Williams1 3 demonstrated that all the information necessary to reliably assemble the virus is
incorporated into the constituent parts. Under physiological conditions, the coat proteins first assemble
into a stable disk-shaped 34-mer. These self-assembled disks then associate with the viral RNA to form the
intact virus in a manner more efficient than the stepwise growth of the helix by addition of single protein
subunits. This association process is entropically driven.12
4 Lehn, J.-M.; Mascal, M.; DeCian, A.; Fischer, J. J. Chem. Soc., Chem. Commun. 1990, 479481.
5 Hopfinger, A.J. Intermolecular Interactions in Biomolecular Organization: Wiley-Interscience: New York. 1977.
Hammes, G.G. Enzvme Catalvsts and Regulation; Academic: New York, 1982: Chapter 8. Huang, C.Y.; Rhee, S.G.; Chock, P.B.
Ann. Rev. Biochemn. 1982.51. 935-971.
6 Brandon, D.; Tooze, J. Introduction to Protein Structure: Garland Publishing: New York. 1991; Chapter 11. pp 161-176.
7 Alberts, B.; Bra, D.: Lewis. J.: Raff, M.: Roberts, K; Watson. J.D. Molecular Biolog, of the Cell; Garland Publishing: New York,
2nd Ed., 1989.
8 Cantor, C.R: Schimmel. P.R Biophvsical Chemistrn Part 111 ; Freeman: San Francisco. 1980: pp 1109-1264.
9 Bogdanov, A.A. Trends Biol. Sci. 1989. 4, 505-507. Pleij. C.W.A ibid. 1990. 15. 143-150. Draper. D.E. Acc. Chem. Res. 1992.
25, 201-207.
10 Brandon, D.; Tooze, J. The Structure of Spherical Viruses: Garland Publishing: New York, 1991; Chapter 11. pp 161-176.
11 Service, RF. Science 1994 .265. 316-318.
12 Klug, A. Angew. Chem. Int. Ed. Engl. 1983,22, 565-582. Caspar. D.L.D. Biophvs. J. 1980,3?, 103-135. Namba, K.; Stubb. G.
Science 1986,231, 1401-1406.
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Viral RNA
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71;11 -I
Tobacco Mosaic Virus
Figure A. 1 Self-assembly of the tobacco mosaic virus. The shape of the viral coat
surrounding the length of RNA is defined by 2130 protein subunits. All information for
assembly is contained within these components.
The self-assembly of all of these biological structures requires only the information exemplified in
the shape and surface properties of a limited number of molecular precursors. The association between
complementan- sites of these precursors generates the final, thermodynamically stable structure.
Stabilization is imparted by a large number of individually weak noncovalent interactions (van der Waals
and hydrophobic interactions, hydrogen bonding, and electrostatics) rather than a small number of strong
covalent bonds.
1.3 Supramolecular Structures Through Metal Coordination
The biological examples discussed display many, but not all, of the types of interactions available
for the formation of suprastructures. Numerous nonbiological systems exhibit useful interactions for self-
organization. Metal chelates provide the simplest example (Figure A.2).14
M + - b 
Figure A.2 Self-assemblv of a metal chelate.
13 Fraenkel-Conrat. H.: Williams, R.C. Proc. Natl. Acad. Sci. U.S.A 1955,41. 690-698.
14 Martell, A.E.: Calvin. M. Chemistrv of the Metal Chelate Compounds; Prentice-Hall: New York, 1952.
141
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Inorganic coordination chemistry and organometallic chemistry have categorized numerous
distinct interactions between metal ions and ligands. 15 Many of these are reversible, selective, and thus
employable for self-assembly. In fact, metal chelates offer extensive provisions for self-assembly. More data
are available concerning the roles of bonding and structure (ring size and number, steric factors, ligand
basicity, etc.) in determining chelate stabilities than for any other self-assembling system.
The G-quartet model of telomeric DNA16 elegantly depicts a suprastructure generated by both
metal chelation and hydrogen bonding interactions (Figure A.3). Four guanine residues with self-
complementary Hoogsteen and Watson-Crick hydrogen bond faces associate to form a tetramer. This
association is induced by monovalent cation nucleation.
HI
Hoogsteen Q_-r. F_AI.
face Son-rlICK
rreO
R H
R H
Figure A.3 Self-assembly of a G-quartet. Four guanine residues are hydrogen bonded in
a square planar symmetric array. Structure formation is promoted b metal nucleation.
A novel expansion of the chelate effect to multicenter metal complexes has yielded self-
assembling inorganic double helices. 17 The principle used for the assembly of the double helix is very
simple.' 8 A bis-bidentate ligand is allowed to react with a metal ion which favors four-coordinate (usually
15 Saalfrank, R.W.; Stark. A.; Bremer, M.; Hummel. H.-U. Angew. Chem. lnt. Ed. Engl. 1990, 9, 311-314.
16 Barr, R.G.; Pinnavaia, T.G.J. Phvs. Chem. 1986. . 328-334. Williamson. J.R.; Raghuraman. M.K: Cech. T.R. Cell 1989.59.
871-880.
17 For examples of helical polybipyridine formation involving metal interactions, see: Lehn, J.-M.: Rigault, A.; Siegel, J.-
Harrowfield, J.; Chevrier, B.; Moras, D. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 2565-2569. Bernardinelli, G.; Piguet, C.;
Williams, A.F. Angew. Chem. Int. Ed. Engl. 1992. 31. 1622-1624. Carina, R.F.: Bernardinelli, G.; Williams, A.F. ibid. 1993 ,3.
1463-1465. Constable, E.C.; Hannon, MJ.; Tocher. D.A. ibid. 1992, 31, 230-232. Constable, E.C. Tetrahedron 1992, 48.
10013-10059. Constable, E.C.; Edwards, A.J.; Raithbv. P.R.: Walker, J.V. Angew. Chem. Int. Ed. Engl. 1993,32, 1465-1467.
Huang, C.; Lynch, V.; Anslyn, E.V. Angew. Cbem. lnt. Ed. Engl. 1992.31, 1244-1246.
18 Constable, E.C. Angew. Chem. Int. Ed. Engl. 1991.30. 1450-1451.
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'C)
tetrahedral) geometry. 1 9 Lehn and coworkers2 0 have fashioned artificial oligonucleosides by the
coordination of copper(I) ions with tetrathymidine tribipyridine ligands (Figure A.4). Positive
cooperativity was witnessed in helicate formation.
O O
RO 0
no o RO
Cu(I)
Im
I II
Figure A.4 Self-organization of a double-helical metal complex. Deoxvribonucleo-
trihelicate II is formed by the self-assembly of the two bipvridine strands (I) and three
copper(I) cations. Variations of substituenis attached to the bipyridine units would
have broad implications.
This spontaneous generation of a double-helical structure can be employed as an organizational
framework. It thereby becomes possible to organize numerous other units by means of this helicate
framework, bringing together groups capable of conferring, for instance, energy-transfer, electron-
transfer, or specific ion-binding features.
19 Dietrich-Buchecker. C.O.: Guilhem, J.; Pascard, C.; Sauvage, J.-P. Angew. Che. Int. Ed. Engl. 1990, 9, 1154-1156. Dietrich-
Buchecker, C.O.: Sauvage, J.-P. ibid. 1989,28, 189-192.
2 0 Koert. U.; Harding, M.M.; Lehn, J.-M. Nature 1990,346, 339-342. Pfeil, A: Lehn. J.-M.J. Chem. Soc., Chem. Commun. 1992.
383-385.
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1.4 Self-Assembly Through Molecular Recognition
The success with which supramolecular structures can be prepared by self-assembly is pendent
on the success with which noncovalent interactions can be used to bind molecules into stable, structurally
well-defined aggregates. Most synthetic work has focused on assemblies fashioned by hydrogen bonds.
The predictable directionality of the hydrogen bond makes it an effective interaction for directing self-
assembly.2 ' The stronger the interaction, the smaller the molecular surface area that must be designed to
achieve a given strength of interaction, and the simpler the synthetic task. Van der Waals, tn-stacking,2 2
and hydrophobic interactions are weak and nondirectional, and thus difficult to use in designing and
synthesizing molecular surfaces of complementary shape. Interactions between charged groups have also
been difficult to use for similar reasons. Additionally, strong interactions of these groups with solvents and
counter ions are disfavored.'
The designed use of suitable hydrogen bonding patterns yields organic supramolecular
structures of various tpes. For example, primary and secondary diamides containing either alkvl or arvl
spacer groups frequently display hydrogen bonding motifs based on a vertical alignment of the amide
groups (Figure A.5).2 3 The result is an ordered array of single spacer units held in a two-dimensional sheet
by predictable intermolecular interactions.
N -HlrofH
Figure A.5 Common hydrogen-bonding pattern for secondary diamides.
21 For discussions of hydrogen bonding in molecular crystals, see: Etter, M.C. Acc. Chem. Res. 1990,23, 120-126. Lieserowitz. L;
Tuval, M. Acta Crvstallogr. 1978, B34, 1230-1247. Lieserowitz, L.; Hagler, A.T. Proc. R. Soc. London A 1983,388. 133-175.
Yang, J.; Marendaz, J.-L.: Geib, SJ.; Hamilton, AD. Tetrahedron Lett. 1994,35, 3665-3668.
22 Hunter, CA; Sanders, J.KM.J. Am. Chem. Soc. 1990,112, 5525-5534.
23 Garcia-Tellado, F.: Geib. SJ.; Goswami, S.; Hamilton, AD. J. Am. Chem. Soc. 1991 113, 9265-925)9.
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Zimmerman and coworkers2 4 have generated other two-dimensional motifs through hydrogen
bond mediation. A pyrido[4,3-g]quinolinedione was shown to undergo cyclic trimerization in organic
solvents, as indicated by vapor pressure osmometric and proton NMR dilution studies (Figure A.6).
Figure A6 Hydrogen bond-mediated cyclic trimerization.
Hydrogen bond-mediated aggregation has been augmented to incorporate three dimensions.2 5 A
wealth of information regarding the thermodynamic aspects of self-assembly, particularly the interplay of
enthalpic and entropic effects, and techniques for characterizing noncovalently bound species in organic
solution (spectroscopy, gel permeation chromatography, and vapor pressure osmometrv) has been
gathered by Whitesides and coworkers.2 6 A series of hydrogen bonded supramolecular aggregates was
prepared for this assessment. The foundation of these soluble aggregates was the pattern of hydrogen
bonds present in the 1: 1 complex between canuric acid and melamine (Figure A.7). 27
24i Zimmerman, S.C.: Duerr. B.F.J. Org. Chem. 1992.57, 2215-2217.
25; For designed systems. see: Ducharme. Y.: Wuest. J.D.J. Og. Chem. 1988,53, 5787-5789. Seto, C.T.; Whitesides, G.M. J. Am.
05em. Soc. 1990. 112, 6409-(A411. Seto. C.T.: Whitesides. G.M. J. Am. Chem. Soc. 1991,113, 712-713.
26 Seto, C.T.: Mathias, J.P.; Whitesides. G.M. ibid. 1993, 115, 1321-1329. Seto. C.T.: Whitesides, G.M. ibid. 1993. 115, 1330-
1340. Mathias, J.P.; Seto, C.T.: Simanek. E.E.; Whitesides. G.M. ibid. 1994,116, 1725-1736.
27 Zerkowski, J.A; Seto, C.T.; Whitesides. G.M. J. Am. Chem. Soc. 1992, 114. 5473-5475.
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Figure A.7 Hydrogen bonding pattern of the cyanuric acid-melamine complex.
To promote the formation of the desired suprastructure, three melamine units were
preorganized through covalent linkages to a central "hub". The resultant structure complexed with three
equivalents of monomeric isocyanurate to form a complex 1 + 3 supramolecular aggregate (Figure A.8).28
The progression from single-layered structures (1 + 3) to multilavered ones (e.g., 2 + 3)26 was used to
probe the relationship between molecular structure and the geometry and stability of the resulting
aggregate.
+
1+3
3 
Figure A.8 Schematic representation of a hydrogen-bonded 1 + 3 supramolecular
complex.
The current trend in controlled self-assembly is towards the creation of large closed-shell
cavities. 29 There are conceivable applications in inclusion chemistry, catalysis, molecular electronics, and
molecular separation technology. For instance, nanoscale tubular ensembles with specified internal
diameters have been formed by the self-assembly of protonated cyclic peptide subunits (Figure A.9).30
28 Seto, C.T.; Whitesides. G.M.J. Am. Chem. Soc. 1993, 115, 905-916.
29 Drain, C.M.; Fischer. R.; Nolen, E.G.; Lehn, J.-M.j Chem. Soc., Chem. Commun. 1993,243-245.
30 Khazanovich. N.; Granja, J.R.; McRee, D.E.; Milligan, R.A.; Ghadiri. M.R. J. Am. Chem. Soc. 1994,116. 6011-6012.
Ghadiri. M.R.; Granja, J.R.; Milligan, R.A.; McRee, D.E.; Khazanovich, N. Nature 1993,366, 324-327.
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Figure A.9 Self-assembly of a peptide nanotube. Appropriately designed cyclic peptide
subunits under suitable conditions, stack to form hydrogen-bonded tubular structures.
Such systems display good channel-mediated ion-transport activity, rivaling the performance of
many naturally occurring counterparts. 31 The potential exists for their use in the design of novel ctotoxic
agents, membrane transport vehicles, and drug-delivery systems.
Most recently, Rebek and coworkers 32 synthesized a molecule capable of assembling into a
dimeric "tennis ball" (Figure A. 10).
2
Figure A. 10 Dimeric "tennis ball assembly" from self-complementary subunits.
31 Ghadiri, M.R.; Granja, J.R.; Buehler, L.K. Nature 1994,369, 301-304.
3 2 Wvler, R.: de Mendoza, J.; Rebek,J.,Jr. Angew. Chem. Int. Ed. Engl. 1992,31, 1699-1701.
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This synthetic module featured a hollow cavity of 50-55 cubic angstroms, as determined by
molecular modeling. Inclusion of suitable guests such as chloroform, methane, ethane, and ethvlene was
observed. 33 It is their intent to provide chemical structures with interiors large enough to accomodate and
transport synthetic replicators. 32, 34
33 Branda, N.; Wyler, R.; Rebek, J., Jr. Science 1994.263, 1267-1268.
34 Feng, Q.; Park, T.K; Rebek, J., Jr. Science 1992.256. 1179-1180. Rebek. J.,Jr. Chem. nd. (London, 1992. 171-1--i
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2. DIRECTED SELF-ASSEMBLY OF ORDERED SOLID-STATE STRUCTURES
2.1 Rationale
A key to controlling aggregation lies in manipulating the type and orientation of noncovalent
interactions between subunits. 35 These interactions are correspondent in both solid and solution phases.
The molecules adjust their own positions to reach a thermodynamic minimum. Since the enthalpies of
the noncovalent interactions are relatively weak, the interplay of enthalpy and entropy in their formation
is more important than in syntheses based on covalent bond formation. Molecular interactions in both
phases must be able to overcome the entropic advantages of aggregate disintegration into a disordered or
disassociated state. 1 Moreover, in solution, these interactions must be more energetically favorable than
competing interactions with solvent. In the solid state, they must conform to the laws of cnrstallography.3 6
Despite the conformity restraint to packing parameters,3- an investigation of the solid-state characteristics
of molecular aggregates is a logical prelude to solution studies of the assembly process. Solid state studies
are especially advantageous in that structural analyses can be facilitated by x-ray crystallographic
techniques.
Among the strong intermolecular interactions governing association in the solid state, hydrogen
bonding is of paramount importance. Supramolecular architecture has capitalized on hydrogen bonding
involving amidic-tvype NH and carbonyl-type O atoms, mimicking a method widely used by nature for this
purpose. 38 Recently, patterns of hydrogen bonds between specific functional groups have been identified.
and rules have been proposed for their formation. 39 Three of these rules are applicable to small organic
molecules in the absence of steric and ionic interactions: "1. All good donors and acceptors are used in
hydrogen bonding. 2. Six-membered ring intramolecular hydrogen bonds form in preference to
intermolecular ones. 3. The best proton donors and acceptors, after cyclic intramolecular hydrogen bonds
have formed, form hydrogen bonds to each other." 36
Delineation of these rules has led to a search for molecular components that, because of their
hydrogen-bonding characteristics, will form persistent packing motifs in well-defined shapes or patterns.
35 Wright, J.D. Molecular Crvstals; Cambridge University Press: Cambridge. 1987. Desiraju, G.D. Crystal Engineering: The
Design of Organic Solids; Elsevier: New York, 1989.
36 Chang, Y.-L.; West. M.; Fowler. F.W.; Lauher,J.W.J. Am. Chem. Soc. 1993.115. 5991-6000.
37 Israelachvili, J.N.: Mitchell, DJ.; Ninham, B.W.J. Chem. Soc. Faradav Trans.ll 1976, 72, 1525-1568.
38 Jeffrey, G.A.: Saenger, W. Hydrogen Bonding in Biological Structures: Springer-Verlag: Berlin, 1991.
39 Etter. M.C.; Urbanczvk-Lipkowska. Z.; Zia-Ebrahimi. M.: Panun:o. T.W. J. e. Cbem. Soc. 1990,112. 8415-8426.
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Likewise, our goal is to incorporate this information towards the design and synthesis of molecules
capable of three-dimensional self-assembly through hydrogen bond mediation.
2.2 Initial Candidate for Aggregation
The tendency of amides to form hydrogen-bonded motifs renders them as both donor and
acceptor sites that compel molecules to associate. The simplest system designed for assembly was derived
from methane tricarboxamide. 40, 41 The trigonal array of self-complementary amides around a central sp3
carbon atom was assumed to adopt a concave conformation contingent on formation of three cyclic
intramolecular hydrogen bonds. Molecular modeling predicted assembly of eight and twenty subunits into
spheres possessing diameters of approximately twelve and twenty angstroms,42 respectively (Figure A. 11).
H
I
8
Figure A. 11 Predicted self-assembly of methane tricarboxamide. Macromodeling with
Amber force field predicted eight methane tricarboxamide subunits to assemblv into a
sphere of approximately twelve angstroms in diameter.
40 Prelicz, D.; Sucharda-Sobczvk. A.; Kolodziejczvk. At Rocz. Cbem. 1970. 44. 49-59. Newkome, G.R.; Baker. G.R. Org. Prep.
Proced. lnt. 1986, 18, 117-144. Skarzewshi, J. Tetrabedron 1989,45, 4593-4598.
41 Branda, N.R Ph.D. Thesis. Massachusetts Institute of Technology, Cambridge, 1994.
-42 Molecular modeling was performed on Silicon Graphics Personal Iris workstations (4D25 or 4D30) using MacroModel 3.5x.
Internal distances were estimated by directly measuring center to center atom distances from the molecular modeling
generated structures. Mohamadi, F.; Richards. N.G.; Guida, W.C.; Liskavp, R.; Lipton, M.; Caufield. C.; Chang, G.;
Hendrickson, T.; Still, W.C.J. Comput. Chbem. 1990.11. 440467.
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The crystal structure of methane tricarboxamide was determined. 41 The molecule exhibited a C-3
axis of symmetry, with the amide groups assuming a "propeller"-like geometry. Absence of intramolecular
bonding precluded the closed-shell assembly patterns. Rather, the packing diagram of methane
tricarboxamide (Figure A.12) depicted a columnar arrangement of subunits (a). The columns were
vertically offset to allow for hydrogen bonding in the lateral direction (b).
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Figure A. 12 ORTEP view of the crystal assembly of methane tricarboxamide: a, side
view: b. top view. i1
The outcome was plausible for the solid state. Extensive intermolecular hydrogen bonding was
observed within the crystal lattice. (Each subunit participated in eighteen hydrogen bonds, as opposed to
nine for the predicted closed-shell assembly.) Tighter packing was thus attained, albeit at the expense of
intramolecular bonding.
2.3 Cyclopropanetricarboxamide
A logical extension in the design of closed-shell hydrogen-bonded assemblies emanates from
cis-cyclopropanetricarboxamide. Molecular modeling 42 predicted four cis-cyclopropanetricarboxamide
subunits to embody a tetrahedral assembly of approximately 8.5 angstroms in diameter (Figure A.13). The
hydrogen bonds of the assembly were nearly linear (1750 for the N-H..O angles) and had reasonable
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length (N-O distance of 2.7 angstroms).4 3 Like its methane predecessor, molecular concavity was essential
for closed-shell assembly; and again, this concavity was dependent on intramolecular hydrogen bonding.
./.7-"
Figure A.13 Predicted self-assembly of cis-cvclopropanetricarboxamide. Four subunits
were predicted to assemble into a closed-shell tetrahedron of approximately
8.5 angstroms in diameter.
Cis-cvclopropanetricarboxamide, unlike its trans isomer ', was unreported in literature. It was
readily synthesized from the known cis-cyclopropanetricarbonitrile5.
Na+
NC CO2Et
Br2, MeC12
1
NC, CO2Et
NC ,CO 2 Et Na2CO3, 90% EtOH
Et2 0C 'CN
2
H CN
NCCN
II H
1.25: 1 cis: trans
3
conc HCI
400C, 3h
H CONH2
H2NOC/ ,CONH2
H "H
4
Scheme A. 1 Synthesis of cis-cvclopropanetricarboxamide.
43 For a discussion of hydrogen bond distances and angles, see: Taylor, R.: Kennard, O. Acc. Chem. Res. 1984. 17, 320-326; and
references cited therein.
44 Buchner, E. Cbem. Ber. 1888,21, 2637-2647. Maier, G. Chem. Ber. 1962, 95. 611-615.
45 Griffin, G.W.; Peterson, L.I. J. Org. Chem. 1963 28. 3219-3220.
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Griffin and Peterson45 reported the preparation of 1,2,3-cyclopropanetricarbonitrile 3 in a cis to
trans ratio of 2.1: 1 by the treatment of ethyl bromocyanoacetate with potassium acetate in 95% ethanol.
Numerous complications arose from this procedure. The starting material, ethyl bromocvanoacetate, was
difficult to obtain in gram quantities. It was prepared by the addition of bromine to ethyl cvanoacetate at
150°C.46 Not only were harsh reaction conditions necessary, but separation of the desired product from
unreacted and dibrominated starting material was arduous. Additionally, potassium acetate in the stated
solvent did not effect conversion of ethyl bromocyanoacetate to the cyclopropanetricarbonitrile. Rather, a
complex mixture of products was obtained.
Accordingly, an alternative route was explored. Triethvl trans-1,2,3-tricvano-1,2,3-
cvclopropanetricarboxylate 2 can be obtained by treatment of the sodium salt of ethyl cvanoacetate with
bromine according to a procedural modification of an early synthesis described bv Errera and
Perciabosco4 6. Subjection of 2 to potassium acetate in 95% ethanol did not effect hvdrolvsis and
decarboxvlation of the ethyl esters. Condition variations established that sodium carbonate in 90% ethanol
yielded a mixture of isomeric cvclopropanetricarbonitriles. The proton N.M.R. spectrum, determined in
acetonitrile, showed a cis to trans ratio of 1.25 : 1. The crude mixture was separated by flash
chromatography on silica gel. The solvent system used for elution was an equivolume mixture of ethyl
acetate and hexanes. Total yields of the cis and trans isomers (55% and 45%, respectively) verified the
ratio as determined by N.M.R.
Conversion of cis-1,2,3-cyclopropanetricarbonitrile 3 to its corresponding triamide 4, although
seemingly quite trivial,47 did pose problems initially. Mild hydrolysis conditions were necessary to prevent
epimerization. Direct techniques such as exposure to concentrated sulfuric acid at room temperature- s
afforded both isomers. Slightly more exotic conditions such as refluxing mercuric (II) acetate in acetic
acid4 9 or titanium tetrachloride in acetic acid50 vielded several products, predominantly a mixture of
partially and fully hydrolyzed nitrile. Through submission of the tricarbonitrile to concentrated
hydrochloric acid at 40°C51 under varying reaction times, it was discovered that complete conversion to
the tricarboxamide could be conducted without epimerization under the acidic conditions indicated.
46 Errera. G.: Perciabosco, F. Chem. Ber. 1900.33, 2976-2981.
47 For the hvdrolysis of nitriles to amides. see Beckwith. A.L.. In The Chemistrv of Amides: J. Zabickv. Ed.: Interscience: New
York, 1970: pp 119-125. For a list of reagents, with references, see Larock, R.C. Comprehensive Organic TransJbrmnations:
VCH: New York, 1989: p 994.
.
48 Tsai, L.; Miwa, T.; Newman, M.S. J. Am. Chem. Soc. 1957, 79, 2530-2533.
,49 Plummer. B.F.; Menendez, M.: Songster. M. J. Org. Chem. 1989, 54. 718-719.
'50 Mukaivama, T.; Kamio, K; Kobavashi, S.: Takei, . . Cbem. Lett. 1973. 357-358.
51 Wenner, W. Org. Svn. 1963,3, 760-762.
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Crystallization of ciscyclopropanetricarboxamide 4 was achieved in an aqueous ethanolic
solution. X-ray crystallographic study revealed the presence of only one intramolecular hydrogen bond
(Figure A. 14).
Figure A.14 ORTEP plot of cis-cyclopropanetricarboxamide. One intramolecular
hydrogen bond was revealed.
Self-assembly of a tetrahedral structure was prevented by inappropriate orientation of the
hydrogen bonds. Closer inspection of the crystal lattice, however, indicated that subunit assembly was not
random. The tricarboxamide monomers interacted in a manner which induced assembly of an infinite
cyclohexyl chair network (Figure A. 15).
Figure k15 ORTEP view of the crystal assembly of cis-cvclopropanetricarboxamide. Six
molecular subunits define a cvclohexvl-chair network.
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The average hydrogen bond length in this assembly was 3.24 angstroms. Wuest et.al.52 obtained
analogous results in their crystallographic analyses of tetrapyridones, illustrating that the self-assembly of a
cvclohexyl chair network is a phenomenon of considerable generality.
2.4 Conclusion
Although controlled aggregation was not realized, crystallographic analyses of these simple
amidic structures did illustrate the basic requirements for closed-cavity assemblv in the solid state.
Hydrogen bonding surfaces must be able to recognize each other with high selectivity. Moreover, they
must be preorganized through networks of covalent bonds to control the entropy of association and
assure the shape of the aggregate. Intramolecular bonds cannot be relied upon for structural rigidity.
In solution, these requisites may be less exacting. Merging multiple structures into one is an
entropically unfavorable process. Intramolecular interactions may therefore be preferred when the price
of freezing conformational degrees of freedom is large. However, the enthalpic return of forming a
network of hydrogen bonds must not be overlooked. The successful self-assembly strategy will reconcile
this delicate balance between entropy and enthalpy.
52 Simard, M.; Su, D.; Wuest. J.D. J Am. Chem. Soc. 1991. 113. 46964698.
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3. EXPERIMENTAL SECTION
3.1 General
1H and 13C NMR measurements were performed on Bruker AC-250, Varian XL-300, and Varian
UN-300 MHz spectrometers in the solvents indicated. Chemical shifts are reported as parts per million (6)
relative to either tetramethylsilane or residual solvent. Melting points were obtained on an Electrothermal
IA9100 digital melting point apparatus. Fourier transform infrared spectra were acquired on a Perkin-
Elmer infrared spectrometer. High-resolution mass spectra were obtained on a Finnegan MAT 8200 mass
spectrometer.
All commercially available compounds (Aldrich, Sigma, Fluka) were used without further
purification unless otherwise indicated. CDCI3 (99.8% D, Cambridge Isotope Laboratories) was stored over
molecular sieves prior to use. DMSO-d6 (99.9% D) and CH3CN-d3 (99.8% D) were used from ., hlv
opened ampoules (Cambridge Isotope Laboratories). When used, tetrahydrofuran and ether were distilled
from sodium-benzophenone ketvl. Likewise, dichloromethane was distilled from phosphorus pentoxide.
Thin-layer chromatography was performed on Merck Silica 60 F-254 precoated TLC plates. Flash
chromatography was performed on Merck Silica Gel 60 (230-400 mesh), according to Still et. a153 . Air-
and/or water-sensitive reactions were performed in flame-dried glassware under argon. Standard inert
atmosphere techniques were used for syringe and cannula transfers of liquids and solutions.
3.2 Synthesis
Triethyl trans-1.2.3-tricano-1,2.3-cyclopropanetricarboxrlate (2).
A solution of sodium ethoxide was prepared by dissolving 16.2 g (0.70 mol) of sodium metal in
400 mL of absolute ethanol. To this warm solution were added 80 g (0.70 mol) of ethyl cyanoacetate. The
white mixture was stirred at room temperature for 1 h. The precipitated sodium salt was collected bv
filtration, washed successively with cold absolute ethanol and ether, and dried to afford 59.3 g (63%),
which was used without further purification.
53 Still, W.C.; Kahn, M.; Mitra, AJ. Org. Chem. 1978, 43, 2923-2925.
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To a mixture of 59.3 g (0.44 mol) of the sodium salt of ethyl cyanoacetate in 350 mL of
dichloromethane was added dropwise a solution of 22.5 mL (0.44 mol) of bromine in 50 mL of
dichloromethane. The resulting red mixture was stirred at room temperature for 4 h. Water (250 mL) was
then added. The organic phase was separated, washed successively with 0.5 N NaOH, 0.5 N HCI, and H2 0,
dried over Na2SO4, and evaporated. The yellow residue was recrystallized from hot ethanol to vield
15.67 g (32%) of 2 as a white solid: mp 1290C (lit.54 mp 123.5-124°C); IR (KBr) cm l 2991, 1767, 1473,
1444, 1396, 1367. 1273, 1179, 1150, 1114, 1015, 850, 615; 1 H-NMR (CDCI 3, 300 MHz) 6 4.49 (m, 6H),
1.42 (m, 9H); 13C-NMR (CDCI3, 62.5 MHz) 6 157.48, 157.14, 108.48, 107.85, 66.45, 66.13, 34.81, 33.83,
13.58; HRMS m/z (M +) Calcd for C15H150 6N3 333.0961, Found 333.0957.
1,.2.3-Cvclopropanetricarbonitrile (3).
Triethvl trans-1,2,3-tricyano-1,2,3-cyclopropanetricarboxvlate 2 (3.01 g, 9 mmol) was dissolved in
a solution of 1.91 g (18 mmol) of Na CO3 in 70 mL of 90% ethanol. The resulting yellow mixture was
stirred for 12 h at room temperature. The solvent was evaporated under vacuum, and 20 mL of H2 0 were
added to the residue. The aqueous mixture was neutralized with 10% HCI, treated with brine, and
extracted with ethyl acetate. The organic phase was separated, dried over Na2SO4, and evaporated to vield
0.99 g (93%) of an isomeric mixture of 1,2,3-cyclopropanetricarbonitrile. The proton N.M.R. spectrum,
determined in acetonitrile, showed a cis to trans ratio of 1.25: 1. The crude mixture was purified by flash
chromatography on silica gel (50% EtOAc/hexanes) to afford 0.59 g (55%) of c-1,2-3-
cyclopropanetricarbonitrile as a white solid: mp 220°C (lit.4 5 mp 199-200°C); IR (KBr) cm- l 3403, 3062,
2251, 1685, 1614. 1326, 827, 774, 639; 1H-NMR (CH3CN-d 3. 300 MHz) 6 2.73 (s, 3H); 13C-NMR (CH 3CN-d 3,
62.5 MHz) 6 115.29, 13.49; HRMS m/z (M+) Calcd for C6H3N3 117.0327, Found 117.0328: and
0.48 g (45%) of trans-1,2-3-cyclopropanetricarbonitrile as a white solid: mp 214°C (lit.i5 mp 191.5-
192.5°C); IR (KBr) cm- 3448, 3131, 3048, 2249, 1731, 1396, 1276, 1190, 1073, 1038, 979, 885, 855, 781, 632,
485, 462; 1H-NMR (DMSO-d 6, 300 MHz) 6 3.80 (t, J = 6 Hz, 1H), 3.47 ( d, J = 6 Hz, 2H); 13 C-NMR
(DMSO-d6 , 62.5 MHz) 6 115.5, 115.38, 12.49, 9.86.
cis-1 .2.3-cyclopropanetricarboxamide (4).
Cis-1,2.3-cclopropanetricarbonitrile 3 (0.25 g, 2.1 mmol) was heated in 2.5 mL of concentrated
hydrochloric acid at 40°C (water bath) for 3 h. The resulting clear solution was cooled to room
temperature, and 2 mL of water were added. The aqueous solution was neutralized with saturated
54 Felton, D.G.I..J. Chem. Soc. 1955,515-517.
-
A3 Epefimzental 33
34 A3 Experimental~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
NaHCO3. The solvent was evaporated under vacuum, and the residue suspended in 15 mL of dimethyl
sulfoxide. The undissolved NaCI salts were removed by filtration, and the filtrate concentrated under high
vacuum to yield a white solid, no yield being determined due to incomplete solvent removal: mp 231 °C;
IR (KBr) cm-1 3436.3, 3342.3, 3142.5, 1689.8, 1666.3, 1607.6, 1425.4, 1302.0, 1278.5, 1202.1, 1137.5, 1037.6,
996.5, 955.3, 814.3, 673.3, 638.0, 538.1, 514.6, 479.4; 1H-NMR (DMSO-d 6, 300 MHz) 6 7.94 (s, 3H),
6.88 (s, 3H), 1.99 (s, 3H); 13C-NMR (DMSO-d 6, 62.5 MHz) 169.83, 25.76; HRMS m/z (M+) Calcd for
C6H8N 30 3 171.0644, Found 171.0643.
3.3 X-Ray Crystallography
Crystal data were collected on a Rigaku AFC6R diffractometer and solved using the Texsan-Texrav
Structure Analysis Package or Mithril methods.
Cis-1.2.3-cyclopropanetricarboxamide (4).
Crystal data: C6H9N3 03 , formula weight 171.16, colorless monoclinic parallelpiped crystals,
0.21 x 0.21 x 0.18 mm, space group P21/n, a = 5.3003(5), b = 11.538(1), c = 12.166(1) A,
3 = 98.90(1), V = 735.1(2) A, Dca= 1.546 g/cm 3, Z = 4, (MoKa) = 1.18 cm-1, T =23 0C.
The crystals were stable at room temperature. A total of 989 reflections were measured in -20
scan mode (scan width (to) 0.80 + 0.35 tane) at a rate of 1.9-16.5° per minute. The structure was solved by
direct methods and refined with full-matrix least-squares methods. Hydrogen atoms were located and
refined. The final R factors were 6.6% and Rw = 6.7%. Atom coordinates can be located in the Appendix.
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B. TOWARDS THE SYNTHESIS OFA SELF-ASSEMBLING TRILACTAM
1. INTRODUCTION
Preorganization of complementary bonding surfaces is critical to the formation of closed-shell
assemblies. Cram 55 identifies it as a central determinant of binding power. The principle of
preorganization states that "the more highly hosts and guests are organized for binding and low solvation
prior to complexation, the more stable will be their complexes." 56 Both enthalpic and entropic
components are involved in preorganization, since both are contained in solvation and binding
conformations. Entropic contributions incorporate the loss in translational entropy upon molecular
aggregation and the loss in conformational entropy upon freezing conformationally mobile sections of
participating molecules. These factors must be acknowledged in the transition from assembly studies in
the solid state to those in solution.
These considerations suggest that molecules designed for self-assembly, particularly in solution,
should be as rigid as is consistent with achieving good intermolecular contact between the interacting
surfaces.57 Such rigidity is best imparted through networks of covalent bonds, rather than energetically
favorable intramolecular hydrogen bonds. A promising self-assembly candidate which fulfills this criteria is
the bridged enantiomeric cyclic triglycine 1 (Figure B. 1). Reminiscent of its tricarboxamide predecessors,
this molecule (henceforth to be labeled the "trilactam") bears peripheral hydrogen bond donors and
acceptors around a concave support. Yet, unlike its prototypes, its structural rigidity is prescribed.
n H H 
-H
la lb
Figure B. 1 Bridged cyclic triglycine enantiomers la and lb. Preorganization for self-
assembly is imparted by the chiral positioning of the lactam functionalities around a
central carbon.
5 5 Cram, DJ. Angew. Chem. Int. Ed. Engl. 1988,-7. 1009-1020.
56 Cram, DJ. ibid. 1986,25, 1039-1057.
57' Smithrud, D.B.: Wyman, T.B.; Diederich, F. J. Am. Chem. Soc. 1991,113, 5-20-5426.
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Two hydrogen-bonding patterns prevail for the trilactam, assuming the existence of a single
enantiomer. The first incorporates y-lactam hydrogen bonds; the second, glycinate amide hydrogen
bonds (Figure B.2).
0 H
0
H
0 H
lactam-lactam
H O
glycine-glycine
Figure B.2 Possible binding modes of the trilactam. The glycine-glycine interaction is
favored by 1.7 kcal/mol per hydrogen bond.
Preliminary calculations conducted by Jorgensen 5 8 predicted that the latter is energetically
favored by approximately 1.7 kcal/mol per hydrogen bond. This value was determined from the hydrogen
bond energies of S-shaped dimers exhibiting both binding motifs (Figure B.3).
I II
Figure B.3 Trilactam dimers exhibiting lactam-lactam (I) and glycine-glycine (II)
hydrogen bonding patterns.
Similar values were obtained when six trilactam monomers were positioned around the periphery of the
familiar cyclohexane lattice (Figure B.4), and individual hydrogen bond energies were ascertained.
58 Calculations were conducted by Professor W.L. Jorgensen, Yale University, New Haven. Previously, Jorgenson has developed
intermolecular potential functions for cis-amides (lactams). SeeJorgenson, W. L.; Gao,J.J. Am. Chem. Soc. 1988.110. 4212-i216
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Figure B.4 Cyclohexane assemblies formed from six trilactam monomers. Lactam-
lactam (I) and glycine-glycine (II) interactions are observed.
Molecular modeling42 predicted other possible modes of aggregation for the trilactam. Three, in
particular, featured hollow cavities of adequate dimensions for molecular encapsulation (Figure B.S5): a
tetrahedral tetramer (with an approximate 7.5 angstrom cross-section), a cubic octamer (with an eight
angstrom width), and a twenty-subunit dodecahedron (with a 22 angstrom diameter). Average N-H...O
bond distances for all structures were reasonable (2.8 angstroms).
Figure B.5 Possible closed-shell assembly motifs for the trilactam.
B. Introduction
.37
38 B.2 Synthetic Strateg, A
2. SYNTHETIC STRATEGY A
The initial synthetic strategy towards the trilactam exploited the trigonal symmetry of the
molecule. Methanetriacetic acid 259 was envisioned as the starting point (Scheme B.1). Introduction of
appropriate functionality at its three a-positions would generate triglycine, with ensuing intramolecular
cvclization yielding a racemic mixture of trilactam 1.
RO2C NH2
H2N C02R
RO2C NH2
H 2C
CO2H
HO2C
2
Scheme B. 1 Retrosynthetic analysis A of the trilactam. Methanetriacetic acid presents
itself as the initial precursor.
Methanetriacetic acid 2 was prepared from a literature route featuring Michael addition of diethyl
malonate to glutaconate accompanied by hydrolytic decarboxylation (Scheme B.2).60, 61
1) Na, EtOH
EDO G~ 2) EtO 2C A CO2Et
EtO2C C 2Et
EtO2C CO2Et
02H
HCI HOH2C 
CO2H
2
Scheme B.2 Synthesis of methanetriacetic acid.
59 Phillips, D.D.; Acitelli. M.A.: MeinwaldJ.J. Am. Chem. Soc. 1957. 9. 3517-3519. Stetter. H.; Stark, H. Chem. Ber. 1959,92,
732-735.
60 Kohler. E.P.: Reid. G.H. J. Am. Cbem. Soc. 1925. 47, 2803-2811.
61 Nasielski, J.; Chao. S.: Nasielski-Hinkens, R. Bull. Soc. Chim. Belg. 1989,98. 375-386.
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Two principal synthetic pathways initiating from this molecule or its ester derivatives seemed
feasible. The first, attempted by Branda,41 was -halogenation 6 2 with consecutive halogen displacement by
a nitrogenous source. Vigorous bromination of methanetriacetic acid chloride under Hell-Volhard-
Zelinskii conditions followed by quenching in methanol gave a diastereomeric mixture of esters 3a and 3b
(Scheme B.3). 63
CO2H
HOQ2C'
CO2H
2
1) PCl5
2) Br2
3) ROH
Br CO2R Br CO2R
RO2 C Br + RO2C Br
Br CO2R Br CO2R
3a 3b
Scheme B.3 Hell-Volhard-Zelinskii bromination of methanetriacetic acid.
The C-3 symmetric isomer 3a of trimethyl methanetri(x-bromoacetate) was isolated by fractional
crystallization from methylcyclohexane. Endeavors at bromine displacement with azides afforded
uncharacterizable products, except in the case of sodium azide wherein elimination of hydrogen bromide
was observed. Branda41 later performed identical experiments on ethanetriacetic acid6 4. Although
elimination was precluded by the central methyl group, unreactivity was observed due to steric
constraints imparted by the neopentyl center.
These results prompted inquiry into the second synthetic pathway, electrophilic amination. The
azide transfer methodology of Evans65 (Scheme B.4) was applied. This also met with defeat.
0 o
Oe NkAr
Bn
1) KHMDS
2) Trisyl azide
3) HOAc
0 O
HN
Bn N
II SO 
N SO 2At
0 0(KOAc) O0 ArBn
Bn 
Scheme B.4 Azide transfer methodology of Evans.
62 For a review, see Harwook. HJ. Chem. Rev. 1962, 62. 99-154.
'3 Mock, W.L.J. Org. Chem. 1971,36, 3613-3614.
6'4 Quast, H.; Berneth, C. Chem. Ber. 1983,116, 1345-1363.
65 Evans, D.A.; Britton, T.C. Ellman,J.A.; Dorow, R.LJ. Am Chem. Soc. 1990,112. 40114030.
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Enolization of trimethyl methanetriacetate 3 with LDA (1.1 equivalents per ester, THF, -10°C,
30 min) and treatment of the resulting crude product with D20, TMSCI, and 2,4,6-triisopropvlbenzene
sulfonyl azide (trisyl azide)6 6, respectively, yielded unidentifiable products.
Intermolecular bromide substitutions being inexecutable, ethanetri(ca-bromoacetic acid) 4 and
the corresponding amide 5 (Figure B.6) were considered as candidates for intramolecular substitution
reactions. Tricyclization of the amide would directly yield the trilactam, whereas the acid could indirectly
do so through a trilactone intermediate.
O ,OH
Br
Me
HO
Br
0 , 0
Br
OH NH 2
4 5
Figure B.6 Ethanetri(cx-bromoacetic acid) and its corresponding amide.
Unfortunately, quenching of the acid chloride of ethanetri(ao-bromoacetic acid) 4 with water,
ammonia,jl or alkyl amines, as well as hydrolysis of trimethyl ethanetri(ox-bromoacetate) and its benzyl
analog, resulted in unidentifiable tars.
3. Synthetic Strategy B
Considering the outcome of the first strategy, a second approach featuring the [3+2]
cycloaddition of a diazoacetate and a 2-oxopyrroline precursor 6 was explored (Scheme B.5). "X" denotes
any potential carboxy function. Reductive nitrogen-nitrogen bond cleavage of the resulting
pyrazoline 767,68 and ensuing cyclization of diamine 8 would yield trilactam 1.
65 Evans, D.A.; Britton, T.C. Ellman,J.A; Dorow, RL.J. Am Chem. Soc. 1990,112 40114030.
66 Harmon, R.E.; Wellman, G.; Gupta, S.KJ. Org. Cbem. 1973,38, 11-16.
67 Newbold. B.T. In The Chemistry of Hdrazo, Azo and Azoxy Groups; Patai, S., Ed.: John Wiley and Sons: London, 1975;
Part 1, Chapter 15, pp 599-642.
68 Jarboe, C.H. In Heterocyclic Compounds: Pvrazoles, Pvrazolines, and Pvrazolidines, Indazoles and Condensed Rings;
Wiley, R.H., Ed.;John Wiley and Sons: New York, 1967: Chapters 6-8, pp 175-278.
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1 8 7 6
Scheme B.5 Retrosynthetic analysis B of the trilactam. 2-oxo-pyrroline 6 presents
itself as another starting point.
Branda's41 functionalized pyrazoline 10, generated from the cycloaddition of ethyl diazoacetate
to maleimide, provided the basic synthetic skeleton for the second strategy (Scheme B.6).
0 0 CO2Et
H-N NCHCOEt H-N> H-N N
O O H
9 10
Scheme B.6 Formation of the initial cvcloaddition adduct.
Reductive cleavage of the nitrogen-nitrogen bond was essential for formation of the required
diamine and had fortunately been observed for pyrazoline-3-carboxvlic esters such as 10. Balbiano69
reported the reduction of pyrazolines to diamines with sodium and alcohol. There have also been other
examples of ring cleavage upon treatment with reducing agents; among them were tin and hydrochloric
acid 70 and hydrogen with Raney nickel catalysts.
Pyrazoline 10 was subjected to various palladium, platinum, and Raney nickel-based
hydrogenation catalysts without avail (Scheme B.7). Pvrazoline acylation was known to accelerate
reduction 6 8 and was therefore attempted. The acidic imide proton prevented acylation in the presence of
amine bases; however, treatment with acetic anhydride in acetic acid furnished the acylated pyrazoline 11.
These conditions were serendipitously discovered during attempted reduction with zinc in the stated
solvents.
69 Balbiano, L. Gazz. Chim. Ital. 1888, 18, 354-379.
70 Diels, O.; Blom, J.H.; Koll, W. Ann. 1925, 443, 242-262.
71 Carter, H.E.; Abeele, F.R.; Rothrock, J.W. J. Biol. Chem. 1949,178. 325-334
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4
Ho
Pd-C, Pt, Pd(OH)2 or Ra-Ni
EtOH/H20/AcOH
0 0 2Et
NH3+Ac-H-N
NHAc
0
AcOH
AcOH
0 O2 Et
NHAc
H-N NHAc
NHAc
0
12 13
Scheme B.7 Pvrazoline reduction.
Having achieved successful pyrazoline acylation, reduction was again explored and accomplished
under mild hydrogenation conditions using palladium in a water-acetic acid medium. Resubmission of the
resulting salt 12 to the acvlation conditions described furnished diacetamide 13.
As it was, diacetamide 13 did not provide the complete carbon skeleton necessary for trilactam
formation. A carboxv function was required at position 4 of the imide. All attempts at selective reduction
of the 4-carbonyl of imide 13 to the hydroxylactam41 with hopes of subsequent cyandide ion substitution
met with failure, with poor product solubility being a contributing factor. This being the case, inquiries
were made into more soluble pyrazolines compatible with the carbonyl reduction conditions or, ideally,
one with the carboxy function already in place.
The most promising candidate fulfilling the latter criteria was Branda's 41 pyrazoline 16
(Scheme B.8). Cycloaddition precursor 15 was furnished by the cyclization reaction of methyl 2-chloro-1-
carbomethoxvacrylate 14 and diethyl acetamidomalonate followed by treatment with ethvl diazoacetate to
yield pyrazoline 16.
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Scheme B.8 Synthesis of fully functionalized pyrazoline.
Again, a series of functional group manipulations was necessary to afford the trilactam, the key
step being reductive cleavage of the nitrogen-nitrogen bond (Scheme B.9). Requisite pyrazoline acylation
prior to reduction was hindered by the steric constraints imparted by the methyl ester at the ring junction
of 16. To circumvent this problem, the methyl ester was selectively hydrolvzed and decarboxylated
through treatment with concentrated hydrochloric acid. Pvrazoline acetvylation was then effected by the
described conditions. Attempts to reductively cleave the nitrogen-nitrogen bond by conditions previously
devised for earlier systems were unsuccessful. An unfavorable steric environment imposed by the two
esters on the adjoining ring could be the cause.
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Ac-N N
N
0 C02Me H
16
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18
O2Et
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Scheme B.9 Functional group manipulation of pyrazoline 10.
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4. Conclusion
The attempts to prepare the trilactam, although fruitless, are not entirely discouraging. Of the
two proposed synthetic strategies, the second is certainly promising. Upon successful reductive cleavage
of pyrazoline 19, tricylization of the resulting product would produce the trilactam. The range of
reductive cleavage conditions has in no manner been exhausted, and exploration into these procedures
would be desirable.
5. Experimental Section
For a general description of apparatus, materials, and methods, see Section A.3.
1-Acetyl-3-carbethoxy-2-pyrazoline-4,5-dicarboximide (11).
3-Carbethoxy-2-pyrazoline4,5-dicarboximide 1041 (12.5 g, 59.0 mmol) was stirred in a 1:1
solution of acetic anhydride: acetic acid at room temperature for 18 h. The solvents were removed under
reduced pressure, affording 14.8 g (99%) of 11 as a white solid which was used without further
purification. Optional recrystallization from EtOH affords a pure white solid (82%): mp 183° C; IR (KBr)
cmn- 3147, 2993, 2773, 1788, 1731, 1659, 1594; 1H-NMR (DMSO-d 6, 300 MHz) 8 11.73 (s, 1H), 5.44 (d,
J = 10.2 Hz, 1H), 4.60 (d, J = 10.5 Hz, 1H), 4.28 (q J = -.1 Hz, 2H), 2.25 (s, 3H), 1.27 (t,J = 6.9 Hz, 3H);
13C-NMR (CDCl 3, 62.5 MHz) 6 172.7, 171.7, 169.0, 159.8. 142.5, 62.6, 61.6, 54.7, 21.5, 13.9; HRMS m/z (M+ )
Calcd for C 0lHI 1N3 05 253.0699, Found 253.0695.
2-Acetamido-3-(ethyl glycinato)maleimide acetate salt (12).
A solution of 1-acetyl-3-carbethoxy-2-pyrazoline-i,5-dicarboximide 11 (14.8 g crude) in 4 : 1
acetic acid : water (200 mL) was treated with 10% Pd-C and reduced under balloon pressure with
hydrogen over 72 h. Filtration through Celite and ensuing evaporation of the filtrate under reduced
pressure afforded 12 quantitatively as a white solid which was used without further purification: 1H-NMR
(DMSO-d6, 300 MHz) 6 11.72 (s, 1H), 8.84 (s, 3H. ammonium), 8.59 (d, J = 7.1 Hz, 1H), 8.50
(d, J = 7.1Hz, 1H), 4.54-4.39 (m, 2H), 4.27-4.14 (m. 3H), 3.65-3.54 (m, 1H), 1.90 (s, 3H), 1.86 (s, 3H),
1.20 (dt,J = 7.1, 1.4 Hz, 3H).
44 B.4 Conclusion
B xImetal4
2-Acetamido-3-(ethyl N-acetylglycinato)maleimide (13).
The above 2-acetamido-3-(ethyl glycinato)maleimide acetate salt 12 was stirred in 1: 1 acetic
anhydride : acetic acid (150 mL) at room temperature for 18 h. Evaporation under reduced pressure and
purification by column chromatography (10% MeOH/CH2CI2) afforded 13 as a colorless semi-solid:
1H NMR (DMSO-d 6, 300 MHz) diastereomer 1: 6 11.42 (s, 1H), 8.54 (d, J = 7.3 Hz, 1H), 8.33 (d,
J = 8.4 Hz, 1H), 4.70 (dd, J = 8.4, 4.4 Hz, 1H), 4.164.00 (m, 3H), 3.43 (dd,J = 7.0, 4.4 Hz, 1H), 1.88 (s,
3H), 1.85 (s, 3H), 1.17 (t,J = 7.1 Hz, 3H) diastereomer 2: 6 11.47 (s, 1H), 8.52 (d, J = 6.6 Hz, 1H), 8.33
(d, J = 8.4 Hz, 1H), 4.77 (dd, J = 8.0, 4.4 Hz, 1H), 4.31 (t, J = 7.1 Hz, 1H), 4.154.05 (m, 2H), 1.88 (s,
6H), 1.74 (s, 6H), 1.16 (t, J = 7.1 Hz, 3H); 13C-NMR (DMSO-d 6, 62.5 MHz) (both diastereomers) 6 175.5,
175.3, 174.8. 174.6, 170.2, 170.1, 169,8, 169.5, 61.1, 61.0, 52.3, 51.8. 49.6, 49.5, 48.3. 47.9, 22.1, 22.0, 13.8.
Methyl 2-chloro-l-carbomethoxyacrvylate (14).
According to a procedural modification.72A solution of potassium methoxide was prepared by
dissolving 35 g (0.89 mol) of potassium metal in 750 mL of methanol. To this warm solution were
successively added 118.1 g (0.89 mol) of dimethyl malonate, 134.1 g (1.78 mol) of ethyl formate, and
100 mL of methanol. The mixture was stirred at reflux for 1.5 h and cooled. The precipitated potassium
salt of methyl 2-hydroxy-1-carbomethoxyacrylate was collected by filtration, washed thoroughly with ether,
and dried in a vacuum desiccator to yield 118.3 g (73%).
A slurry of 118.3 g (0.65 mol) of the dry potassium salt in 400 mL of dichloromethane was treated
with 125 g (0.65 mol) of phosphorus pentachloride portionwise. The mixture was stirred at reflux for 4 h
and cooled. Approximately 400 mL of water were added. The organic phase was separated and the
aqueous phase washed with fresh dichloromethane (2 x 400 mL). The combined organic extracts were
dried over Na2SO4 and concentrated. The resulting pale yellow oil was distilled to yield 102.3 g (48%) of
14: 1H-NMR (CDCI3, 300 MHz) 6 7.49 (s, 1H), 3.86 (s, 3H), 3.79 (s, 3H).
Methyl 1-acetyl-2-oxo-5.5-dicarbethoxy-3-pyrroline-2-carboxylate (15).
Diethyl acetamidomalonate (10.86 g, 0.05 mol) was added to t-BuOK (prepared from 2.0 g
(0.05 mol) of potassium metal in 100 mL of t-BuOH). After stirring for 15 min, a solution of methyl
2-chloro-l-carbomethoxyacrylate 14 (8.93 g, 0.05 mol) in t -BuOH (20 mL) was added dropwise over
15 min. The reaction was stirred under argon for 24 h and then evaporated under reduced pressure. The
sticky residue was treated with ether. Remaining solids were removed by filtration, and the filtrate was
'2 Josey, AD.: Dickinson, C.L.: Dewhirst, KC.; McKusick. B.C. J Org. Chem. 1967. 32, 1941.
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vaporated. Vigorous purification by column chromatography through silica gel (50% EtOAc/hexanes)
afforded 4.92 g (30%) of 15 as a colorless oil: 1H-NMR (CDCI3, 300 MHz) 7.88 (s, 1H), 4.29
(q, J = 7.0 Hz, 4H), 3.91 (s, 3H), 2.61 (s, 3H), 1.29 (t, J = 7.2 Hz, 6H) 13C-NMR (CDCI3 , 62.5 MHz)
6 169.1, 163.5, 162.0, 159.8, 150.7, 130.4, 72.7, 63.4, 52.5, 24.3, 13.6; HRMS m/z (M+H) + Calcd for
C14H17NO8 328.1032. Found 328.1035.
2-Pyrazolinepentaester N-acetyl-lactam (16).
Methyl 1-acetyl-2-oxo-5,5-dicarbethoxv-3-pyrroline-2-carboxvlate 15 (1.8 g, 5.50 mmol) and ethyl
diazoacetate (1.26 g, 11.0 mmol) were stirred at 70 °C for 24 h resulting in a viscous yellow oil. Purification
by column chromatography through silica gel (50% EtOAc/hexanes) afforded 882 mg (36%) of 16 as a
colorless oil: IR (KBr) cm-l 3346, 2999, 1769, 1744, 1716, 1690. 1564; 1H-NNMR (CDCI3. 300 MHz) 5 7.24
(s, 1H), 4.82 (d, J = 0.6 Hz, 1H), 4.42-4.13 (m, 6H), 3.85 (s, 3H), 2.56 (s, 3H), 1.36 & 1.35
(2 triplets, J = 7.0 Hz, 6H), 1.27 (t,J = 7.0 Hz, 3H); 13 C-NMR (CDCI 3, 62.5 MHz) 6 170.2, 168.2, 166.0,
165.7, 164.1, 160.8, 140.1. 116.3, 77.7, 63.1, 61.6, 54.0, 53.4, 24.9, 13.9, 13.8, 13.4; HRMS m/z (M+H) +
Calcd for C 18 H23N3 01 0 441.1384, Found 441.1369.
3-carboeth oxy-4.4-dicarboethoxy-6-keto-7-carboxypyrrolo[3.4-c -2-pyrazoline (17).
2-Pvrazolinepentaester N-acetyl-lactam 16 (200 mg) was suspended in 4 mL of concentrated
hydrochloric acid and stirred at room temperature for 12 h to yield a pale yellow solution. The solvent was
removed under vacuum to quantitatively yield 17 as a pale yellow solid: mp 130°C; IR (KBr) cm-I 3401.
3131, 3002, 2614, 131, 1396, 1232, 1149, 1008, 861; 1H-NMR (D.MSO-d6, 250 MHz) 6 1.18 (m, 9H), 4.07
(m, 6H), 4.86 (s, 1H), 9.56 (s, 1H), 9.70 (s, 1H); 3C-NMR (DMSO-d 6, 62.5 MHz) 170.3, 169.1, 168.9,
168.4, 167.5, 161.2. 7.8, 70.8, 62.2, 60.1, 54.6, 13.9, 13.8, 13.5.
1-acetyl-3-carboethox-4.4-dicarboethoxv-6-keto-7-carboxypyrrolo [ ,4-c]-2-pyraxoline (19).
3-carboethoxy-4,4-dicarboethoxy-6-keto-7-carboxypyrrolo [3,4-c]-2-pyrazoline 17 was dissolved in
4 mL of pyridine and heated at 100° C (oil bath) for 30 min to yield a light brown solution. The solvent was
removed under vacuum. The crude brown residue was dissolved in a 1: 1 mixture of acetic acid : acetic
anhydride and stirred at room temperature for 12 h. The solvent was removed under vacuum, and the
resulting brown solid was purified by flash chromatography (ether) to yield 26 mg (14% from 17) of 19 as
a white solid: H-N.IR (CDCI3, 250 MHz) 6 6.78 (s, 1H), 5.39 (d.J = 11.1 Hz, 1H), 5.04(d, J = 11.1 Hz, 1H).
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4.29 (m, 6H), 2.40 (s, 3H), 1.32 (m, 9H); HRMS m/z (M + ) Calcd for C1 6H21N30 8 383.1329, Found
383.1326.
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APPENDIX
X-RAY CRYSTALLOGRAPHIC ATOM COORDINATES
CIS-CYCLOPROPANETRICARBOXAMIDE
H
I
atom x y z
0(1) -0.2369(8) 0.0029(4) 0.5979(4)
0(2) 0.1439(7) 0.1597(4) 0.7680(3)
0(3) 0.0380(8) 0.3747(4) 0.5684(3)
N(1) -0.090(1) 0.1496(4) 0.5015(4)
N(2) -0.043(1) 0.1189(5) 0.9172(4)
N(3) 0.0571(9) 0.4425(4) 0.7434(4)
C(1) -0.361(1) 0.1940(5) 0.6382(4)
C(2) -0.290(1) 0.2156(5) 0.7614(4)
C(3) -0.284(1) 0.3109(5) 0.6775(4)
C(4) -0.217(1) 0.1073(6) 0.5790(4)
C(5) -0.046(1) 0.1640(5) 0.8163(4)
C(6) -0.042(1) 0.3765(5) 0.6593(5)
H(1) -0.5413 0.1876 0.6162
H(2) -0.4248 0.2177 0.8043
H(3) -0.4253 0.3618 0.6752
H(4) -0.0574 0.2357 0.4968
H(5) 0.0237 0.0870 0.4688
H(6) -0.0223 0.4481 0.8157
H(7) 0.1604 0.4955 0.7312
H(8) 0.1186 0.0833 0.9581
H(9) -0.1380 0.1366 0.9775
